The present work provides insight into surface charge dynamics and kinetics of radical species reactions in nanosecond pulse discharges sustained at a liquid-vapor interface, above a distilled water surface. The near-surface plasma is sustained using two different discharge configurations, a surface ionization wave discharge between two exposed metal electrodes and a double dielectric barrier discharge. At low discharge pulse repetition rates (~100 Hz), residual surface charge deposition after the discharge pulse is a minor effect. At high pulse repetition rates (~10 kHz), significant negative surface charge accumulation over multiple discharge pulses is detected, both during alternating polarity and negative polarity pulse trains. Laser induced fluorescence (LIF) and two-photon absorption LIF (TALIF) line imaging are used for in situ measurements of spatial distributions of absolute OH and H atom number densities in near-surface, repetitive nanosecond pulse discharge plasmas.
Introduction
Kinetics of nonequilibrium plasma chemical reactions in electric discharges in liquids and at liquid-vapor interfaces is of significant fundamental interest [1] , and is critically important for development of emerging applications such as plasma chemical reforming of liquid hydrocarbons and oxygenates [2] , generation of reactive nitrogen and oxygen species, removal of organic contaminants from water and aqueous solutions, and plasma activation of water for sterilization and wound treatment [3] . In spite of numerous experimental and modeling studies [1] [2] [3] [4] , kinetics of liquid-vapor plasma chemical reactions remains poorly understood, primarily due to the lack of adequate diagnostic and modeling tools.
One of the most significant challenges encountered in quantitative studies of liquid / vapor phase plasma chemistry is sustaining the plasma at controlled, reproducible, optical access conditions, making possible in situ optical diagnostics. In most liquid / vapor plasma chemistry studies, the plasma is generated in the vapor phase or in a two-phase vapor / droplet mixture, sustained as a manifold of streamers propagating over the liquid surface, or in the bulk of the liquid (in microscopic or macroscopic bubbles). Quantifying plasma parameters, as well as time-and spatially-resolved species concentrations measurements at these conditions is extremely challenging. Most of the experimental data in liquid-vapor plasmas are obtained using optical emission spectroscopy as well as ex situ IR absorption spectroscopy and gas chromatography, although some in situ IR absorption spectroscopy [5, 6] and OH laser induced fluorescence (LIF) [7] measurements have recently become available. Lack of in situ measurements of plasma parameters at well-characterized conditions also makes difficult development and validation of kinetic models, and assessing their predictive capability.
In the present work, diffuse, highly reproducible plasmas are sustained near a plane liquid-vapor interface, using discharges generated by high-voltage, nanosecond duration pulses [8] . This simple, 'canonical' geometry provides optical access for in situ optical diagnostics, and lends itself to quantitative studies of plasma dynamics and nonequilibrium plasma chemistry, with high time and spatial resolution. At high estimated peak electric fields near the surface [8] , the rate of electron impact ionization greatly exceeds the rate of dissociative attachment, such that diffuse plasmas can be sustained even in strongly electronegative gases mixtures, such as water vapor. Also, high electron energy achieved in these discharges significantly accelerates electron impact processes with high energy threshold, such as ionization and molecular dissociation, thus generating reactive radical species in molecular plasmas. Finally, relatively short discharge pulse duration, ~10-100 ns, enhances plasma stability and precludes bulk motion of the liquid which may be caused by charge accumulation on the liquid surface.
Peak electric field in the surface ionization wave may be further enhanced if the discharge is generated over a liquid with high dielectric constant, such as water. High energy electrons generated in the near-surface plasma layer would initiate electron impact dissociation and ionization of evaporating reactants, with potentially high yield of radical species, such as O, H, and OH in surface plasmas sustained over liquid water and aqueous solutions. Chemical reactions in repetitively pulsed plasma at a liquid-vapor interface are expected to occur at low temperature conditions, since Joule heating is limited both by high specific heat of the liquid and by high latent heat of vaporization (~0.4 eV/molecule for water and alcohols). This suggests that plasma sustained near a liquidvapor interface can be used as an experimental platform for studies of near-surface plasmachemical reaction kinetics, at the conditions when the interface acts as a high-yield 'plane surface source' of radical species.
The objectives of the present work are to quantify surface charge dynamics at a liquid-vapor interface, and to obtain in situ measurements of absolute OH and H number density distributions in nanosecond pulse discharges generated near the liquid-vapor interface in simple geometry, using OH laser induced florescence (LIF) and H atom two-photon absorption LIF (TALIF). For this, we are using two liquid-vapor discharge configurations, one a surface ionization wave discharge resulting in a conduction current path after the wave reaches the grounded (or opposite polarity) electrode, and the other a double dielectric barrier discharge, both providing optical access for laser diagnostics.
Experimental
The experiments have been conducted using two different discharge cells of similar design, shown schematically in figures 1(a) and (b). The first cell, shown in figure 1(a), consists of (i) 10 cm long rectangular cross section quartz channel (10 mm width × 22 mm height), fused at both ends to 25 mm outside diameter quartz tube sections 3 cm long, (ii) two plastic (Derlin) flanges with 25 mm inside diameter circular openings, which also served as electrode feedthroughs, and (iii) two 25 mm outside diameter, 11 cm long quartz tube endpieces, with ¼ inch diameter quartz tubes used for gas flow inlet and exit and CaF 2 windows glued to the ends of the channel at Brewster's angle (calculated at 308 nm). Between the experiments, the inlet and exit tubes were used to partially fill the cell with a liquid (distilled water), to the depth of 6 mm, using a syringe and a small diameter flexible plastic tube. The centerpiece and the endpieces are held together by the flanges equipped with rubber O-rings to provide vacuum seal, and tightened using plastic screws. The flow inlet and exit were connected to gas delivery and vacuum lines by Ultratorr vacuum fittings. Argon or nitrogen buffer flow (flow rate 0.1 SLM, measured by an MKS mass flow controller) was maintained in the channel, at the conditions when the vapor pressure in the cell was close to saturated vapor pressure, 15.4-18.6 Torr for water at room temperature (18-21° C), and at total pressure in the cell of 18-40 Torr, measured by an MKS Series 910 DualTrans Transducer connected to the flow exhaust line approximately 10 cm downstream of the cell. The buffer flow rate has to be sufficiently low to prevent excessive evaporative cooling of the test cell, as well as water vapor condensation on the outside walls of the cell. The windows provided optical access to laser beams used for LIF and TALIF species number density measurements in the plasma sustained in the cell. The test cell was placed on a translation stage, such that its vertical position (i.e. the distance between the laser beam and the liquid surface) could be adjusted, to collect the fluorescence signal at different heights above the liquid surface.
Two cylindrical segment copper foil electrodes (0.1 mm thick) are located near the bottom of the flanges, aligned along the inner surface of the circular opening of the flange, and held in place by the flange covers, as shown in figure 1(a) . The discharge electrodes are placed inside the cell, to enable conduction current path between the electrodes after the surface ionization wave, initiated near the high voltage electrode and propagating over the liquid surface, reached the grounded (or opposite polarity) electrode. Both electrodes are in direct contact with a layer of liquid (distilled water) partially filling the channel, as shown in figure 1(a) . The electrodes are connected to brass pin feedthroughs, vacuum sealed using a Dow Corning 3165 adhesive. The buffer gas flow in the cell (nitrogen or argon) is directed toward the high voltage electrode. A section of adhesive copper tape 10.5 cm long and 1 cm wide is attached to the bottom outside wall of the channel and connected to one of the brass pin electrode feedthroughs, as shown in figure 1(a) , to serve as a waveguide to the surface ionization wave discharge sustained in the cell. Six rectangular sections of the same copper tape, 0.7 cm long (along the quartz channel) and 1 cm wide, with the distance between the sections of 1.6 cm, are placed between the channel wall and the waveguide, as shown in figure 1(a) , and electrically insulated from the waveguide by Kapton tape (25 μm thick). These sections are connected to a high voltage probe and used as surface charge sensors [9] , operating as capacitive voltage dividers and measuring time-resolved potential on the liquid surface, when the discharge is sustained in test cell. The charge sensors are numbered from #1 to #6, sensor #1 being the closest to the high voltage electrode (see figure 1(a) ).
The electrodes, located 16 cm apart, were powered by a custom-made high voltage nanosecond pulse generator which produced alternating polarity pulses with peak voltage of up to 20 kV and full width at half maximum (FWHM) pulse duration of 50-100 ns, at a pulse repetition rate up to 50 kHz. In the present experiment, the pulser was operated continuously, at a pulse repetition rate of 300 Hz, or in burst mode, at pulse repetition rates ranging from 1 to 20 kHz and with up to 32 pulses in the burst. The pulser was triggered by an Instek AFG-2125 function generator (during continuous mode operation) or a BNC 575 delay generator (during burst mode operation). The pulse peak voltage was controlled by varying dc input voltage produced by a Glassman EH series dc power supply (1000 V, 100 mA). Some of the experiments were conducted using a single polarity pulse train, using UF1007-T ultrafast rectifiers connected in series between the high voltage terminal of the pulser and the high voltage electrode of the test cell. Pulse voltage and current were measured by a Tektronix P6015A high voltage probe and a Pearson 2877 current monitor, as shown in figure 1(a) . The potential monitored by surface charge sensors was measured by a Tektronix P5100 voltage probe.
To measure surface potential distribution during discharge operation, surface charge sensors were calibrated prior to data collection. For this, the amplitude attenuation (capacitive voltage divider) coefficient, A, and RC decay time of each probe, τ RC , were measured separately for each surface charge sensor, using a rectangular pulse shape waveform applied to a copper foil strip placed into the quartz channel along the bottom wall. The decay of surface charge probe signal is controlled by the resistance of the voltage probe used, R = 10 MΩ. Although calibration was done without liquid water in the cell, it is estimated that adding water does not change the net capacitance of the cell significantly, due to a high dielectric constant of water. The amplitude attenuation and the RC decay time for six surface charge sensors vary in the range A = 10.0-15.0 and τ RC = 180-220 μs.
Some of the experiments in the cell shown in figure 1 (a) were done with the electrodes powered by FID GmbH FPG 60-100MC4 pulse generator (peak voltage up to 32 kV, pulse duration 5 ns, repetition rate up to 100 kHz), to sustain a near-surface ionization wave discharge inside the test section. In this case, the positive polarity terminal of the pulser (+16 kV) was connected to the 'high voltage electrode', and the negative polarity terminal (−16 kV) was connected to the 'grounded electrode' and the waveguide outside the cell (see figure 1(a) ). This 'dual polarity' ionization wave generated by this pulser, similar to the one used in our previous work [10] , was used to reduce significantly pulse voltage rise time and increase peak voltage difference between the electrodes. Note that the voltage between the electrodes may be higher than the difference between the incident pulse peak voltages (by up to a factor of two), due to incident voltage pulse reflection. In this case, the pulser was operated in repetitive burst mode, at pulse repetition rate of 10 kHz, 75 pulses in the burst, and burst repetition rate of 10 Hz, to match the laser pulse repetition rate. Custom made, high bandwidth voltage and current probes [11] were used to measure applied voltage pulse and current pulse waveforms at these conditions, and surface charge sensors shown in figure 1(a) were not used.
The second cell (see figure 1(b) ) is made of a 16 cm long rectangular quartz channel with the same cross section as in the first cell, fused at both ends to 25 mm outside diameter quartz tube sections 3 cm long, with quartz tubes used for flow inlet and exit and CaF 2 windows at Brewster's angle. Between the experiments, the inlet and exit tubes were used to partially fill the cell with distilled water, to the depth of 6 mm. The flow rate and pressure in the cell have been measured using the same MKS flow controller and pressure transducer. The electrodes, made of adhesive copper foil 10 mm wide and 20 mm long, were attached to the outside bottom wall of the cell 30 mm apart from each other, as shown in figure 1(b), to sustain nanosecond pulse, double dielectric barrier discharge inside the cell. Kapton dielectric tape was placed between the electrodes to prevent breakdown outside the cell. The electrodes were powered by the FID generator to sustain a nearsurface dielectric barrier discharge inside the test section, operated at half peak output voltage (using only two out of four output channels available). The positive polarity (+8 kV) and the negative polarity (−8 kV) terminals of the FID pulser were connected to the electrodes, as shown in figure 1(b). High time resolution capacitive probe measurements have shown that the discharge is formed by two opposite polarity surface ionization waves propagating from the electrodes toward the center of the discharge cell (see figure 1(b)). For these measurements, the capacitive probe, which is sensitive to charge accumulated on the dielectric surface, was moved along the discharge cell, and its output was monitored on the oscilloscope. The use of the capacitive probe is discussed in greater detail in our previous work [12] .
Broadband plasma emission images in the discharge cells were taken using two different gated PI-MAX ICCD cameras with a UV lens (UV-Nikkor 105 mm f/4.5, Nikon), one with minimum gate of 2 ns, 512 × 512 pixels, and the other with minimum gate of 0.5 ns, 1024 × 255 pixels. The latter camera was also used to obtain LIF / TALIF line images.
The schematic of OH LIF / H TALIF laser diagnostics, shown in figure 2, is similar to the one used in our previous work [13, 14] . Briefly, an Nd:YAG (Continuum Model Powerlite 8010) pumped tunable dye laser (Laser Analytical Systems, Model LDL 20505 and Continuum ND6000) output at 615 nm is frequency-doubled in a type-I BBO crystal. The frequency doubled output at 308 nm is separated from the fundamental, sent through a wave plate to adjust its polarization, and then recombined with the fundamental to be frequency-mixed again in another type-I BBO crystal to produce a frequency-tripled output of 205 nm. A Pellin-Broca prism separates the three beams, and an identical prism (not shown in figure 2 ) is set symmetrically, to compensate for alignment changes of 308 and 205 nm beams. The two beams are aligned to overlap as they passed through the test cell, and softly focused with an f = 1 m lens approximately in the center of the test cell. Band pass filters are placed in front of the ICCD camera lens to isolate OH fluorescence signal from OH A 2 Σ + → X 2 Π (v′ = 0,v″ = 0) emission band at ~308 nm, and H atom fluorescence signal from H 3d → 2p emission line (H α line) at ~656 nm. Changing the position of the laser beam relative to the liquid surface, by moving the discharge cell mounted on the translation stage, a series of OH LIF and H TALIF line images from the rectangular part of the quartz channel are obtained and collected. The fluorescence signal in the line images is analyzed to obtain absolute 1D H and OH number density distributions along the laser beam, as discussed below.
2D distributions of number densities have been obtained from 1D number density distributions inferred from LIF and TALIF line images using (a) moving average of 1D line distributions over 50 pixels (equivalent to approximately 3.5 mm) to reduce noise, and (b) cubic Hermite polynomial interpolation over the vertical coordinate (height above the surface). The use of this approach is justified since pulse-to-pulse reproducibility of the data is very good. Although the present setup can also be used to obtain 2D planar LIF (PLIF) images, the use of line images significantly improves signal-to-noise.
For OH LIF, the laser beam is tuned to generate laser induced fluorescence in the linear excitation regime, which produces a time-integrated fluorescence signal, ν ( ) S , l expressed as follows,
Here ) determined by scanning the laser across an isolated OH absorption transition, R 2 (2.5) at 307.792 nm in OH A 2 Σ + ← X 2 Π (v′ = 0, v″ = 0) band [14] ; and β π Ω V /4 factor is a product of signal collection volume, solid angle, and a measure of the collection optics efficiency, determined via Rayleigh scattering calibration. Rayleigh scattering signal at 308 nm was collected with N 2 as the buffer gas in the same test cell (in the absence of water), a technique demonstrated in our previous work [14, 16] .
In the present work, we assume room temperature and water vapor pressure of 17.5 Torr (close to saturated vapor pressure at room temperature of 20° C). Since OH quenching rate by Ar is much lower compared to that by H 2 O, water vapor was assumed to be the only quenching species. The near-saturated vapor assumption is justified since at the present fully developed laminar flow conditions (flow velocity u ≈ 25 cm s −1 , Reynolds number based on channel hydrodynamic diameter of Δ = 1.2 cm Re Δ ≈ 6, Sherwood number for convection mass transfer Sh Δ ≈ 3.0), convection mass transfer coefficient is fairly high, h = Sh Δ · D/Δ ≈ 15 cm s −1 [8] . Here D ≈ 6 cm 2 s −1 is the diffusion coefficient. In a fully developed, initially dry flow of an evaporating liquid surface, the vapor density varies as ρ(x)/ρ sat = 1 − exp[−hx/uΔ], such that the estimated distance over which ρ(x)/ρ sat reaches 90% is x 90% = 2.3 · uΔ/h ≈ 5 cm, which is close to the distance from the flow inlet to the part of the channel where LIF and TALIF images were taken.
For H TALIF, relative fluorescence intensity from twophoton excited H atoms, on the H 3d
1/2 transition at 205.144 nm (fluorescence at ~656 nm), was put on an absolute scale using signal-comparison-based in situ calibration technique. For this, Kr was used as a reference gas, with two-photon excitation of the
0 transition at 204.194 nm and fluorescence collection at ~826 nm [17] . For absolute calibration, a photomultiplier tube (PMT) was used instead of the PI-MAX camera, since the camera had low sensitivity in near IR (at 826 nm). Kr and H atom number densities can be related as follows [17] , are two-photon absorption cross sections (cm 4 ). Note that for this expression to be accurate, the laser pulse energy must be kept sufficiently low, such that the fluorescence signal would depend quadratically on laser power. Again, room temperature and water vapor pressure of 17.5 Torr were assumed, and H fluorescence quantum efficiency was calculated considering water vapor to be the only quenching species present in the cell. For absolute calibration, H and Kr TALIF signals were collected by the PMT from a region along the fluorescence line approximately 6 mm long, 1 mm above the liquid surface. The relationship between H and Kr number densities at this reference location, obtained from equation (2), was used to determine absolute H atom number densities at other locations, from the ratio of H and Kr TALIF line image intensities taken by the ICCD camera.
In all LIF / TALIF measurements, the laser pulse energy was kept low, to avoid difficulties correcting for signal saturation, photoionization, and photolytic effect, reported for H TALIF by Goldsmith [18] and Gasnot [19] . In addition, the camera gate was set wide enough, 2 μs, to capture the entire duration of fluorescence decay after the laser pulse. Argon, rather than nitrogen, has been used as a buffer gas in all LIF / TALIF measurements to reduce the net quenching rate and increase the fluorescence signal, since kinetic modeling calculations, discussed in section 4, predicted higher OH and H atom yield at these conditions. Figure 3 plots pulse voltage, current, and coupled energy waveforms, as well as surface potential measured by charge sensor #1, for positive and negative polarity pulses in a surface ionization wave discharge sustained in the first cell. The discharge was sustained by an alternating pulse polarity train over distilled water in nitrogen buffer at P = 20 Torr, flow rate of 0.1 SLM, and pulse repetition rate of 300 Hz, using a custom-made high-voltage pulse generator (see section 2). At these conditions, the positive polarity pulse peak voltage and current are approximately 15 kV and 9.5 A, voltage pulse FWHM is about 100 ns, and coupled energy is approximately 5 mJ/pulse (see figure 3(a) ). The surface potentials plotted in figure 3 are inferred from the raw waveforms using surface charge sensor calibration. Peak surface potential value of ≈10 kV in the positive polarity discharge indicates peak surface charge density of ≈25 nC cm −2 (assuming the dielectric constant for quartz of ε = 3.8 and the wall thickness of 1.5 mm), and corresponds to surface ionization wave front arrival to the surface charge sensor location. The results in the negative polarity discharge are similar (see figure 3(b) ). Figure 4 plots pulse voltage and current waveforms in the surface ionization wave cell (cell #1, shown in figure 1(a) ) and in the dielectric barrier discharge cell (cell #2, shown in figure 1(b) ), together with the calculated coupled energy waveforms. It can be seen that in both cases, pulse peak voltage is about 30 kV and incident voltage pulse duration is about 10 ns FWHM. The energy coupled by the surface ionization wave discharge pulse, 6.2 mJ, is significantly higher compared to the double dielectric barrier discharge pulse, 3.7 mJ. This is likely due to a conduction current path between the electrodes during the discharge pulse, which limits the reflected pulse energy. In the double dielectric barrier discharge, multiple peaks in voltage, current, and coupled energy waveforms are caused by multiple pulse reflections off the electrodes and pulse generator. For both discharge configurations, the coupled energy remained nearly the same during the entire pulse burst. Figure 5 (a) shows a collage of side view and top view ICCD images of broadband plasma emission in surface ionization wave, nanosecond pulse discharge sustained over distilled water surface in nitrogen buffer flow in cell #1, at the conditions of figure 3 (pulse repetition rate of 300 Hz). The images are taken using 10 ns camera gate. From figure 5(a) , it can be seen that, as the ionization wave propagates from the high voltage electrode to the grounded electrode, the plasma is localized predominantly along the liquid surface. Similar behavior is also observed at a higher pulse repetition rate of 20 kHz, as can be seen from figure 5(b), showing positive polarity surface ionization wave images for pulse #8 in a 32-pulse burst and illustrating that the plasma follows the liquid surface. In this case, partial discharge constriction is detected near the high-voltage electrode.
Results and discussion
ICCD images of plasma emission generated over distilled water surface in argon buffer flow in surface ionization wave discharge cell and in double dielectric barrier discharge cell at the conditions of figure 4 are shown in figures 6 and 7, respectively. In these images, camera gate is 1 μs ( figure  6 ) and 100 ns (figure 7), such that ionization wave propagation during the discharge pulse is not resolved. The bottom of side view images corresponds to the approximate location of distilled water surface. It can be seen that the diffuse ionization wave plasma, ~1 mm thick, follows the liquid surface (see figure 6 ), while the diffuse dielectric barrier discharge plasma is sustained 1-2 mm above the liquid surface between electrodes, and is near the surface above the electrodes, the locations of which are indicated below the image in figure 7 . Figure 8 plots time-resolved surface potentials measured at the conditions of figure 3 at different axial locations, by surface charge sensors #2, #4, and #6. The average speed of surface ionization wave front estimated from these data is 0.82 cm ns −1 (positive polarity pulse) and 0.53 cm ns −1 (negative polarity pulse). Typically, the highest residual surface charge is measured by sensor #2, while residual surface charge measured by sensors #3-6 decreases steadily with the distance from the high voltage electrode (with the exception of the charge measured by sensor #1). The residual surface potentials (i.e. surface charge densities) after the pulse are fairly significant and decay noticeably slower compared to the applied voltage pulse (compare figures 3 and 7). Residual surface potential measured at t = 900 ns by sensor #1 is ≈1 kV (≈3 nC cm −2 ) for positive polarity pulse and ≈3 kV (≈9 nC cm −2 ) for negative polarity pulse (see figures 3(a) and (b)). Thus, approximately 10% of surface charge deposited on the liquid surface at the location of sensor #1 remains as residual charge for positive polarity pulse, compared to approximately 25% for negative polarity pulse. The same trend is observed for other sensors, #2-#6 (see figures 8(a) and (b)), with non-zero residual surface potential measured by sensor #6 of about 1.5 kV (≈3.0 nC cm −2 ) for both polarities. Residual surface potential measured by sensor #2 after negative polarity pulse is approximately a factor of 2 higher compared to that after positive polarity pulse, 4 kV, (12 nC cm −2 , ≈30% of the peak value) versus 2 kV (6 nC cm −2 , ≈20% of the peak value). At higher buffer gas pressures (P = 25-40 Torr), both residual surface potential (i.e. surface charge density) and its decay time increase. However, residual surface potential typically does not exceed ~20-30% of the peak value during the discharge pulse, and decays almost completely within several microseconds. Since energy stored on the dielectric surface scales as square of surface charge density, this corresponds to an estimated ~10% upper bound fraction of energy coupled to the plasma. Thus, at these conditions residual surface charge accumulation in surface ionization wave discharges over distilled water remains a fairly minor effect. Recent measurements and kinetic modeling calculations of time-resolved electric field in a nanosecond pulse, dielectric barrier discharge in plane-to-plane geometry [20] demonstrated that charge deposited on a dielectric surface decays primarily by neutralization with opposite polarity charges transported to the surface from the plasma. The results of [20] suggest that residual surface charge in low electron density plasma is considerably higher compared to plasma with high electron density, due to lower net charge flux to the surface. This effect, as well as reduction of charge species mobility with pressure, may explain longer surface charge decay at higher pressures, when both peak electron field and electric density in surface ionization wave near its maximum extent from the high voltage electrode (i.e. near charge sensor #6) are lower.
To study surface charge dynamics at high pulse repetition rates, when discharge pulses are no longer separated by long time delays, the discharge was sustained in burst mode, at pulse repetition rates of 20-40 kHz and with up to 32 pulses in a burst. At these conditions, time delay between the pulses in the burst, τ pulse = 25-50 μs, is much shorter compared to the estimated time required for the surface charge to 'leak' to the electrodes through the bulk of a weakly conducting liquid between the pulses, τ RC ~ 1 ms [8] , such that significant surface charge accumulation may be expected. Figure 9 plots time-resolved surface potential measured by surface charge sensor #2 (at the axial location where highest peak potential and residual potential were measured), in surface ionization wave discharge over distilled water surface. In figure 9 , the discharge is sustained in nitrogen buffer at P = 20 Torr, and is operated in burst mode at pulse repetition rate of 20 kHz (delay between pulses of 50 μs), with 32 pulses in the burst. It can be seen that at these conditions, surface charge does not completely decay between the pulses, such that charge deposited on the dielectric surface during the pulse is neutralized only during the next, opposite polarity, pulse. Residual surface charge remains predominantly after negative polarity discharge pulses, such that net negative charge (with the time-averaged value of ~7 nC cm −2 ) accumulates on the liquid surface during the burst.
Finally, a series of experiments have been done in single polarity pulse discharges (positive only or negative only), to study surface discharge dynamics at these conditions. For this, every other pulse produced by the pulse generator was blocked using high-voltage rectifiers, as discussed in section 2. For 'individual' discharge pulses (i.e. pulses well separated in time), obtained during continuous operation at 150 Hz, the results are very similar to those obtained using alternating polarity waveforms at 300 Hz, as expected. The results for burst mode at pulse repetition rate of 20 kHz, when discharge pulses are separated by 50 μs, are shown in figure 10 . Figure 10 plots time-resolved surface potential measured by sensor #2, for (a) positive pulse polarity train and (b) negative pulse polarity train. Note that single polarity pulse trains also incorporate lower amplitude 'pre-pulses' produced by the pulse generator several microseconds before higher amplitude 'main' pulses. The pre-pulse polarity is always opposite to that of the main pulse, such that the 'positive polarity only' pulse train also includes positive polarity pre-pulses generated before negative polarity main pulses (see figure 10(a) ). At these conditions, residual surface charge for the positive polarity pulse train remains fairly insignificant. However, for the negative polarity pulse train the effect becomes much stronger, such that considerable surface potential and surface charge accumulation is observed over multiple pulses during the burst, up to 7 kV (16 nC cm −2 , see figure 10(b) ). No such accumulation is detected for the positive polarity pulse burst (see figure 10(a) ).
The striking difference between surface charge accumulation between negative and positive polarity bursts (compare figures 10(a) and (b)) is likely caused by significant difference in mobilities of positive and negative charge carriers in the Surface potential measured by sensor #2 in surface ionization wave discharges over water in nitrogen buffer, P = 20 Torr, flow rate 0.1 SLM, custom-build pulser, pulse repetition rate 20 kHz (conditions of figure 5(b) ).
plasma. Indeed, the results of [20] , which demonstrate that charges accumulated on the dielectric surface are neutralized by opposite polarity charges transported from the plasma, suggest that negative surface charge, neutralized by positive ions, would decay significantly slower compared to the positive surface charge, neutralized by both negative ions and electrons, which have much higher mobility.
The effect of surface charge accumulation between opposite polarity, nanosecond duration pulses, and charge neutralization during the pulses, has been observed previously in surface dielectric barrier discharge over Kapton dielectric in atmospheric pressure air [9] . At atmospheric pressure, neutralization of surface charge by opposite polarity pulses accounts for a significant fraction of total energy coupled to the plasma (up to 75%) [9] , such that the use of an alternating polarity pulse train increases the time-averaged discharge power considerably, compared to same polarity pulse trains. However, at the present relatively low pressure conditions, this effect is fairly minor, with only a few percent of energy coupled to the plasma stored on the dielectric surface. One factor that likely contributes to this difference is more rapid charge transport (drift) to the surface, induced by residual electric field after the pulse at low pressures, which accelerates charge neutralization at the surface and reduces residual surface charge. Figure 11 shows OH LIF and H TALIF line images (6 for OH and 3 for H) taken in the surface ionization wave discharge cell, at the conditions of figures 4(a) and 6 (4 μs after a 75-pulse discharge burst over distilled water in Ar buffer at total pressure of 18 Torr, flow rate of 0.1 SLM, and pulse repetition rate of 10 kHz). It can be seen that both OH and H are detected in the entire field of view of the camera, approximately 50 mm long, up to several mm above the liquid surface. Figure 12 shows 1D distributions of absolute OH and H atoms number densities inferred from OH LIF line images shown in figure 11 , as discussed in section 2. Comparing figure 12 with the ICCD image of plasma emission shown in figure 6 , it can be seen that both OH and H diffuse / convect over several mm from the liquid surface, significantly exceeding the extent of the near-surface plasma. Peak [OH] value measured at these conditions is ≈3.5 · 10 13 cm −3 (see figure 12(a) ), such that the estimated OH mole fraction in the gas/vapor phase is ~6 · 10
. Highest OH number density region is detected closer to the positive polarity electrode (see figure 12(a) ), where emission intensity is also higher (see figure 6) . Peak H atom number density is ≈2 · 10 15 cm −3 (see figure 12 (b)), with estimated mole fraction of 0.3%. Estimated combined uncertainties of absolute [OH] and [H] measurements at these conditions are ±30% and ±50%, respectively, with uncertainty of fluorescence spectral scans being the dominant contribution. Figure 13 shows OH LIF and H TALIF line images (13 for OH and 7 for H) taken in the double dielectric barrier discharge cell, at the conditions of figures 4(b) and 7 (20-pulse discharge burst over distilled water in Ar buffer at total pressure of 30 Torr, flow rate of 0.1 SLM, and pulse repetition rate of 1 kHz). In these measurements, the laser beam was brought to within 300 μm from the liquid surface. Figure 14(a) shows a 2D distribution of absolute OH number density inferred from OH LIF line images shown in figure 13 . Comparing this plot with the ICCD image of plasma emission shown in figure 7 , it can be seen that OH distribution basically follows plasma emission intensity. Peak [OH] value measured at these conditions is ≈3 · 10 14 cm −3 , such that the estimated OH mole fraction in the gas/vapor phase is about 3 · 10 . The highest OH number density region is located near the positive electrode (see figure 14(a) ). Near the top wall of the quartz test cell, [OH] decreases to near detection limit. At the low flow rate used in the present experiments (estimated flow residence time between the electrodes of ~0.2 s, much longer compared to burst duration, 20 ms), both the flow and diffusion do not seem to affect the location of peak OH number density region. , such that H atom mole fraction in the mixture is about 2%, much higher compared to OH mole fraction. Note that OH and H in the plasma are likely to be generated at the same rate, by electron impact dissociation of water vapor, H 2 O + e → OH + H + e, and by reactive quenching of metastable Ar* atoms, H 2 O + Ar* → OH + H + Ar*. Significant difference between OH and H number densities is expected, since the estimated characteristic time for the dominant OH decay reaction, OH + OH → H 2 O + O, is much shorter compared to that of H atom decay by recombination, H + OH + M → H 2 O + M. As can be seen from comparison of figures 14(a) and (b), H atoms diffuse and convect with the flow (left to right in figure 14) further away from the liquid surface / plasma region. Note that peak H atom number density is achieved above the negative electrode, unlike peak OH number density, where the peak is located closer to the positive electrode. H number density decay near the top wall of the test section is also detected. Estimated uncertainties of absolute [OH] and [H] populations plotted in figure 14 are ±22% and ±50%, respectively.
Both OH and H atom number densities measured in the double dielectric barrier discharge, plotted in figure 14 , are significantly higher compared to the results obtained in the surface ionization wave discharge, shown in figure 12 , by approximately an order of magnitude. Since pulse peak voltage and coupled pulse energy in both types of discharges are comparable (within a factor of two, see figure 4), such a significant difference is most likely to a larger distance between the electrodes in the ionization wave discharge, 16 cm, compared to the double dielectric barrier discharge, 3 cm, and therefore lower reduced electric field in the plasma behind the wave front.
To obtain qualitative insight into kinetics of plasma chemical reactions in the discharge sustained in water vapor / argon buffer mixture above liquid water surface in cell #2, we used a quasi-zero-dimensional kinetic model which incorporates ionization and electronic excitation of Ar, ionization and dissociation of H 2 [21] , rates of Ar* reactions from [22] , and rates of hydrogen-oxygen chemical reactions from [23] . Experimental coupled energy waveform in a repetitively pulsed ns discharge (see figure 4(b) ) was used as a model input, and the volume of the plasma was estimated from the plasma emission image (see figure 7) . Figure 15 shows kinetic modeling predictions at the conditions of figure 14 (50%-50% H 2 O vapor-Ar plasma at P = 30 torr, excited by a burst of 20 discharge pulses at pulse repetition rate of 1 kHz, coupled pulse energy of 3.7 mJ/pulse, estimated plasma volume of ≈1 cm 3 ). Figure 15( figure 14) . The model also predicts the temperature in the near-surface plasma to increase significantly, exceeding T = 500 K, and to decrease between the pulses, primarily due to rapid conduction heat transfer to cold liquid surface. Figure 15 (b), which plots [H], [OH] , and temperature after the discharge burst on a log-log scale, provides a better illustration of the difference between H atom and OH number density decay after the discharge burst. Quantitative prediction of [OH] , [H] , and temperature distributions requires the use of a kinetic model incorporating diffusion and transport of species, as well as heat transfer in the near-surface plasma, preferably in 2D geometry. Also, the modeling results suggest that temperature in the plasma may vary significantly, such that temperature distribution measurements are necessary to verify the modeling predictions.
Summary and future work
The present experiments provide insight into surface charge dynamics and kinetics of radical species reactions in nanosecond pulse discharges sustained at a liquid-vapor interface, above distilled water surfaces in nitrogen and argon buffer flow, at pressures ranging from 18 to 40 Torr. The near-surface plasma is sustained using two different discharge configurations, a surface ionization wave discharge between two exposed metal electrodes and a double dielectric barrier discharge.
At low pulse repetition rates (~100 Hz), residual surface charge deposition after the discharge pulse is a fairly minor effect, with estimated ~10% upper bound fraction of energy coupled to the plasma stored on the liquid surface, and surface charge neutralization time of several μs after the pulse. At high pulse repetition rates (~10 kHz), ionization wave discharge sustained by an alternating polarity pulse train results in neutralization of surface charge deposited by a previous pulse by the next, opposite polarity pulse. In the discharge sustained by same polarity pulse trains, significant surface charge accumulation over multiple pulses is detected for negative polarity pulses, while the effect for positive polarity pulses is nearly absent.
Laser induced fluorescence (LIF) and two-photon absorption LIF (TALIF) line imaging are used for in situ measurements of spatial distributions of absolute OH and H atom number density distributions in near-surface, repetitive nanosecond pulse discharge plasmas over distilled water surface in argon buffer at pressures of 18 and 30 Torr. Measurement results in a surface ionization wave discharge after a burst of 75 discharge pulses at a pulse repetition rate of 10 kHz demonstrated that peak H number density, [H] ≈ 2 · 10 15 cm −3 , is much higher compared to peak OH number density, [OH] ≈ 3.5 · 10 13 cm −3 . Higher OH number density was measured near the regions with higher plasma emission intensity. Both OH and H atoms diffuse out of the plasma volume, over several mm from the liquid surface. Measurements in a double dielectric barrier discharge after a burst of 20 discharge pulses at a pulse repetition rate of 1 kHz also show that peak H number density, [H] ≈ 2 · 10 16 cm −3 , is much higher compared to peak OH number density, [OH] ≈ 3 · 10 14 cm −3 . Highest OH number density was measured in the region where plasma emission peaks, while H atoms convect downstream with the flow and diffuse further away from the surface compared to OH. Kinetic modeling calculations using a quasi-zero-dimensional H 2 O vapor / Ar plasma model are in qualitative agreement with the experimental results. Quantitative analysis of plasma chemical reactions of radical species in plasma sustained over a liquid-vapor interface would require using a kinetic model incorporating diffusion and transport of species, as well as heat transfer from the near-surface plasma to the liquid.
The present results demonstrate experimental capability of in situ radical species number density distribution measurements in liquid-vapor interface plasmas, in simple 'canonical' 2D geometry, at highly reproducible conditions. This experimental platform can be used to generate data for validation of kinetic models incorporating surface ionization wave discharge development, charge carrier balance at the liquid-vapor interface, coupled radical species kinetics / transport in the vapor phase, and liquid phase chemistry, such as developed recently [24] . Comparing time-resolved and spatially resolved measurements of species number densities using the present approach with modeling predictions would assess their predictive capability.
Since number densities of species generated in repetitively pulsed surface discharges may decay rapidly between the pulses, such as [OH] which is predicted to decay on ~100 μs time scale by the present 0D model (see figure 15) , capability for time-resolved measurements of species distributions at a high sampling rate, on the order of ~1-10 kHz [25] , would be essential. Specifically, these measurements would yield quantitative insight into kinetic processes of OH generation and decay in ns pulse discharge plasmas at a liquid-vapor interface, and would be a significant advance over data taken using a 10 Hz pulse repetition rate laser used in the present work. Also, at high pressures, when rapid quenching of excited species becomes the limiting factor for laser-induced fluorescence measurements and lifetime of excited species is of the order of ~1 ns (i.e. comparable to ns laser pulse duration), the use of ultra-short (ps and fs) duration laser pulses would provide a critical advantage. The use of ultra-short pulse two-photon absorption laser-induced fluorescence also helps mitigate laser-induced photochemistry and makes possible measurements of 1D and 2D distributions of atomic species (H, O, and N) at high sensitivity and accuracy [26, 27] .
High sampling rate, ultra-short pulse duration [OH] , [H], [O] , and [CH 2 O] diagnostics capability would be critical for characterization of liquid-vapor interface discharges sustained in highly reactive liquid-vapor mixtures, such as hydrocarbon or oxygenate fuel vapor in air buffer. In this case, timedependent number densities of atomic species generated in the plasma by electron impact and by reactive quenching of excited species would be strongly affected by their reactions with evaporating reactants (hydrocarbons or oxygenates).
Finally, characterization of energy partition in liquid-vapor interface plasmas would be significantly advanced by in situ measurements of time-resolved electric field distribution near the dielectric liquid surface, e.g. using ps CARS / four-wave mixing diagnostics such as has been done recently for measurements of electric field vector in surface ionization wave discharges over a solid dielectric [28] .
